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To improve the performance of digital communication systems over fading channels, several pilot signal techniques have been proposed in the literature. The Letter investigates the use of binary convolutional coding for such systems and derives an upper bound on the bit error probability (BEP), the optimum power split ratio between data and pilot signals, and the channel cutoff rate.
Introduction:
To improve the performance of digital mobile communications over fading channels, the use of a pilot tone to provide a phase reference at the receiver has been suggested in the literature [l] . To maximise the effectiveness of the technique, both pilot and data signals must be subjected to the same fading. Also of importance is the fraction of total power allocated to the pilot. This Letter analyses interleaved convolutional coding for such schemes. An upper bound on the BEP, the optimum power split ratio between the data and pilot signals, and the channel cutoff rate are derived. where qk is a complex Gaussian with zero mean and a variance of W, A~/ B~ = W , T'r. q, is uncorrelated with the noise term nk in eqn 2. a; is the Rayleigh fading term affecting the pilot, which is assumed to be strongly correlated with (if not equal to) ctk in eqn. 2. Let p = p, + ip, be the correlation coefficient between them. The received signal energy to noisespectral density ratio (SNR) can be defined, including both the data and pilot signals, as Turning now to the decoder, with the pilot-tone estimates U,, the Viterbi decoder uses the metric Irk -U, b, 1 2 , which is the maximum likelihood metric if U, is a perfect estimate of at. When evaluating the bit error probability of linear convolutional codes, it is customary to assume, without loss of generality, that all-zero codeword 0 = (1 11 . . .} is transmitted. Thus, an error event occurs when the decoder chooses a nonzero codeword x j # 0. Let { x j l , xj,, x j 3 , . . .} denote the baseband representation of x j where {x., = 7 1) (k = 1, 2, 3, . . .). Thus, an error event happens if
Clearly, only the components xjk # 1 contribute to this deasion rule. On simplification of this decision rule, the decision variable is Irk -uk 1' 2 (6) Perjiirmance analysis: In the proposed system (Fig. l) , coded binary PSK symbols are interleaved, and transmitted along with the pilot tone. As proposed in Reference 2, a pilot tone extraction filter can be used to estimate the channel gain for where wj is the Hamming distance between 0 and xj. In the each coded symbol. The channel gain estimates are then used above, rk and U, are a pair of correlated complex Gaussian to form the metric that is used in the Viterbi decoder, followrandom variables, with all w, pairs mutually statistically indeing deinterleaving. In the following, we assume perfect receiver pendent and identically distributed. To find an upper bound timing, fading to be constant over a bit and, consequently, on the error event probability, using the Chernoff bound (Pr "©1992 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE."
[U < 01 I E(&)) and selecting s to minimise E(&') [3, 41, we have
Example: As an example, consider an optimal convolutional code with rate R, = and the constraint length K = 7. Using the weinht distribution of this convolution code r41, the bit where (8)
Note that y., as defined by eqn. 5, accounts for the power allocated to the pilot as well. To derive the above, the variances of rk and U, and the correlation between them are obtained from eqns. 2 and 4. The factor off appearing in eqn. 7 follows from Reference 4. To obtain an upper bound on the BEP, eqn. 7 and union bounding methods can be used. Minimising the denominator of 0 with respect to r, it follows that the optimum choice of power split ratio r between data and pilot signals is
(9)
Note that as y, increases, ropr is solely dependent on W,T,.
Thus, the power allocated to the pilot tone need not be dynamically changed with increasing SNR. This has also been observed in References 2 and 5.
Now the cutoff rate R, for a Rayleigh fading channel with pilot-tone aided detection may be defined as [4]
R, can be considered as a practical upper bound on the channel code rate, and is obtained as a function of the system parameters. This allows for a quick appraisal of system performance irrespective of the specific convolutional code. The BEP curves of pilot tone technique are depicted in Fig. 2 for three normalised, maximum Doppler rates fd T, of 1, 2 and 5%. As indicated by eqn. 9, the power split ratio between the pilot and the data signals r is 0.14, 0.2 and 0.32, respectively. By comparison, also shown are the BEP curves for ideal coherent detection and differential detection under ideal and fast fading conditions. In particular, for the pilot tone technique and ideal differential detection the correlation coeflicient p is taken to be unity, whereas for differential detection with fast fading, p = J,(Zlrfd TJ [Z] . We see that the pilot tone scheme is at most 3 dB worse than ideal, unattainable, coherent detection. It is also better than differential detection, even under very slow fading (i.e., p i~ 1). Moreover, differential detection causes error Boors, which in this case are suppressed by the powerful code being used.
Conclusions: This Letter analyses convolutional coding for binary PSK with a pilot tone for phase correction over Rayleigh fading channels. As might be anticipated, the performance of this scheme lies between that of ideal and differential detection techniques. At moderate and high SNRs, the power allocated to the pilot is essentially fixed by the maximum Doppler shift. The Characteristics of set-on and set-off operations by input light of the same wavelength have been observed in a sidelight-injection MQW bistable laser. In this structure, the main bistable laser was located perpendicular to two waveguides for amplilying input light. Two intersections, the gain quenching region and the saturable absorption region, were spatially separated. Input light of 4OpW results in saturable absorption in one intersection biased at +0,65V, and 570pW causes gain quenching in the other intersection biased at +0.93 V.
Much attention has been given to all-optical memory devices because they are expected to be key elements in future telecommunications switching and optical signal processing 21 1973
